cyclooxygenase-1; 3-nitrotyrosine; denitration; reactive nitrogen species; peroxynitrite; HPLC with electrochemical detection; liquid chromatograph-tandem mass spectrometry NITRIC OXIDE (NO) is a ubiquitous biosignaling molecule that participates in diverse physiological processes such as smooth muscle relaxation, platelet aggregation, neurotransmission, and host defense. The actions of NO are not universally direct (3, 25) , as they may be propagated by the transformation of NO into other species, including nitrite (NO 2 Ϫ ), nitrate (NO 3 Ϫ ), nitrosonium ion (NO ϩ ), nitrogen dioxide (˙NO 2 ), peroxynitrite (ONOO Ϫ ), and nitrosoperoxocarbonate (ONO 2 CO 2 Ϫ ), depending on the cellular redox environment (42, 45, 51) . Notably, NO and its derivatives modify physiological processes via posttranslational modifications of proteins (22, 24, 39) . For example, elevated levels of superoxide (O 2 ·Ϫ ) and NO during inflammation will react at a near diffusion-limited rate to form ONOO Ϫ , a significant contributor to the nitration of protein tyrosine residues to produce 3-nitrotyrosine (3-NT). 3-NT formation is generally considered to be a pathophysiological biomarker of nitrosative stress, and tyrosine nitration has been associated with irreversible loss of protein function in many cases (23, 31) . Characterization of 3-NT as a nonselective and irreversible protein modification has contributed to the widely held view that tyrosine nitration is irrelevant for physiological cell signaling, a concept in sharp contrast to protein S-nitrosylation (the addition of NO to protein cysteine-sulfur), which is well recognized as a regulator of protein activity and cellular function, due in large part to the specificity and reversibility of this modification (14, 24, 39) . Observations that 3-NT formation may be analogously reversed, in this case by denitrase activity, were first reported by Murad and colleagues (29) . Coincubation of spleen homogenates from LPS-treated rats with chemically nitrated BSA triggered a progressive loss of 3-NT, as visualized by Western blot analysis with a selective anti-3-NT antibody (29) . This putative denitrase activity has been further characterized as an endotoxin-induced, O 2 -regulated, and tissue-specific process that can be detected in the brain, lung, and spleen of LPS-treated rats (21, 29) , in the untreated rat brain and heart (36) , in rat liver mitochondria (32) , and in LPS-activated RAW 264.7 cells in culture (26, 30, 49) . In addition to nitrated BSA, a limited number of nitrated substrates for denitrase activity have been identified, including histone H1.2 (26) , histone III-S (36), the L-type Ca 2ϩ channel (30) , calmodulin (49) , and glutamine synthetase (21) . These biochemical reports have suggested that denitration may serve as an adaptive mechanism capable of repairing proteins damaged during diseases where levels of reactive nitrogen species are elevated. In addition, they support the hypothesis that protein nitration and denitration may function as a biologically relevant regulatory pathway. Unfortunately, further validation of this denitrase activity has proven difficult. Notably, observation of 3-NT formation in vivo is challenging as it does not accumulate in sufficient amounts for facile detection and quantification by commonly used analytic methods. This has generated concern regarding the authenticity of 3-NT signal loss, the fate of 3-NT, and the feasibility of studies aimed at elucidating the mechanism and role of protein tyrosine denitration in biological systems. These reservations would be partially diminished by the identification of the preferred sub-strate(s) and the utilization of analytic tools for confident quantification of protein 3-NT denitrase activity.
We (12, 13) have previously shown that selective and targeted cyclooxygenase (COX)-1 nitration occurs by a hemedirected and substrate-dependent mechanism. While heme plays a role in catalyzing internal Tyr 385 nitration by ONOO Ϫ and the demise of COX-1, active site occupancy with substrate protects against Tyr 385 nitration and redirects nitration to alternative and external tyrosine residues on COX-1, preserving catalytic activity (12, 13) . Here, we establish COX-1 as a quantifiable target of protein tyrosine denitration by constitutively expressed denitrase activity in cells and tissues. In the present study, we additionally describe an enrichment protocol for denitrase activity from lung tissue that results in a discrete activity-containing fraction. Furthermore, we identify a group of previously known enzymes that all exhibit: 1) denitrase activity, defined by their ability to catalyze the denitration of NO 2 COX-1; 2) antioxidant defense and detoxification activities; and 3) redox chemistries that underlie their recognized mechanisms of action. These findings, along with the evidence of COX-1 denitration reported here, suggest an intricate relationship between COX-1 and cellular nitration/denitration that may significantly contribute to cellular adaptation to oxidative stress. Protein tyrosine nitration and its reversibility may have significant translational impact, given the widespread occurrence of protein tyrosine nitration in diverse pathophysiological settings.
MATERIALS AND METHODS
Reagents. All chemicals and reagents were purchased from SigmaAldrich (minimum 95% purity, HPLC grade, St. Louis, MO) unless otherwise noted. Ram seminal vesicles and rat organs (brain, heart, lung, liver, kidney, and spleen) were obtained from Pel-Freez Biologicals (Rogers, AR). Purified COX-1 was prepared as previously described (13, 53) . N-Octyl-␤-D-glucopyranoside (␤OG) was from Anatrace (Maumee, OH). ONOO Ϫ (100 -200 mM in 4.7% sodium hydroxide) was obtained from Calbiochem (La Jolla, CA), aliquoted, stored at Ϫ80°C, and used freshly. Tricarbonylchloro(glycinate) ruthenium II, known as carbon monoxide (CO)-releasing molecule (CORM)-3, was synthesized and provided by Dr. J. R. Falck (Dallas, TX). CORM-3 was solubilized in distilled water (7 mM stock), aliquoted, stored at Ϫ20°C, and used freshly. Trypsin was obtained from Promega (no. V511A, Madison, WI). Heme-bound FePPCOX-1 was generated by reconstituting apoCOX-1 (heme free) with hemin (from a 500 M solution) to a 1:1 molar ratio and measuring absorbance at 412 nm (ε ϭ 1.42 ϫ 10 5 M Ϫ1 ·cm Ϫ1 ) using a PerkinElmer Lambda 20 spectrophotometer as previously described (13) . Custom-made nitrated peptides were from Genscript (Piscataway, NJ). Peroxiredoxin-6 and Cu,Zn-SOD were purchased from Novus Biologicals (Littleton, CO). Monoclonal COX-1, monoclonal BSA, and polyclonal MnSOD antibodies were purchased from Cayman Chemicals (Ann Arbor, MI). Monoclonal 3-NT antibody was obtained from Upstate Biotechnology (Lake Placid, NY). Materials for SDS-PAGE, Western blot analysis, and anti-rabbit horseradish peroxidaseconjugated IgG were obtained from Bio-Rad Laboratories (Hercules, CA). Anti-mouse horseradish peroxidase-conjugated IgG, enzyme immunoassay kits to measure PGE 2, ECL Plus reagents, and diethylaminoethanol (DEAE)-Sepharose beads were obtained from GE Healthcare (Piscataway, NJ).
Cell culture and treatment protocol. The sEND.1 murine endothelial cell line, rat aortic smooth muscle cell (RASMC) line, and RAW264.7 murine macrophage cell line (American Type Culture Collection, Manassa, VA) were cultured in appropriately sized culture plates in DMEM (GIBCO Life Technologies) supplemented with 10% FBS at 37°C in 5% CO 2. The sEND cell line was provided by Dr. Patrick Vallance (University College, London, UK) and originally established from a mouse skin capillary endothelioma (54) . RASMCs were isolated as previously described (37) . At ϳ85% confluency, cells (passages 4 -8) were washed with ice-cold PBS followed by cell lysis and preparation for denitration experiments (as described below). To induce an inflammatory response where indicated, cells were exposed to the proinflammatory stimulus LPS (2 g/ml, Calbiochem) for 12 h. Where noted, cells were pretreated for 12 h with the pharmacological inhibitor of NO synthase (NOS) N G -monomethyl-L-arginine (L-NMMA; 3 mmol/l, Sigma). After treatment protocols, cell culture media were removed, and PBS-washed cells were extracted in preparation for denitration experiments (as described below). Thioglycolate-elicited peritoneal macrophages were provided by Dr. Domenick Falcone (Weill Cornell Medical College) and obtained as previously described (16, 17) . Briefly, after cell harvest by lavage, peritoneal cells were centrifuged and allowed to adhere for 4 h on tissue culture plates. Nonadherent cells were washed away, and only adherent peritoneal macrophage cells were used in denitration experiments. This is a standard protocol for obtaining high-purity (Ͼ90%) macrophages (55) . Human umbilical vascular endothelial cells (HUVECs) were provided by Dr. Timothy Hla (Weill Cornell Medical College).
Animal tissue. Mouse organs (brain, heart, lung, liver, kidney, and spleen) were harvested from 3-mo-old C57BL/6J mice on a regular diet. Briefly, mice were killed by CO 2 asphyxiation, tissues were rinsed with 70% ethanol, and the thorax was opened to expose the heart and lung. The animal procedure described here was approved by the Weill Medical College of Cornell University Care and Use Committee.
Preparation of cell lysates and tissue extracts for denitration experiments. For most experiments, washed cells were lysed with lysis buffer [20 mM Tris·HCl (pH 7.4), 2% CHAPs, 1 mM PMSF, and 1 mM protease inhibitor cocktail]. Cells were scraped, collected in Eppendorf tubes, sonicated on ice, and centrifuged (13,400 g, 10 min) for clarification. Where noted, cells and tissue samples were homogenized and sonicated in either the lysis buffer described above or detergent-free buffer [10 mM Tris·HCl (pH 8), 10 mM potassium phosphate, 0.5 mM EDTA, 1 mM PMSF, and 1 mM DTT] and centrifuged at various speeds and times to achieve fractions with the desired enrichment of cellular components. Centrifugation pellets were solubilized in detergent-containing buffer [20 mM Tris·HCl (pH 7.4) and 2% CHAPs] before analysis. Total protein in cell lysates and tissue homogenates was determined using the Bio-Rad protein assay.
Chromatographic resolution of denitrase activity from rat lungs. Frozen lungs (1.5 g) were homogenized in detergent-free buffer [10 mM Tris·HCl (pH 8), 10 mM potassium phosphate, 0.5 mM EDTA, 1 mM fresh PMSF, and 1 mM fresh DTT] and centrifuged at low speed (3,000 g) for 20 min to remove cell debris and nuclei. The resulting supernatant was centrifuged at high speed (120,000 g) for 1 h, and the supernatant was concentrated by filtration on a 10-kDa cutoff membrane (YM10 Centricon). The concentrate was loaded on a fast-flow DEAE-Sepharose column (15 ϫ 1.5 cm) preequilibrated with detergent-free buffer. The column was washed with two column volumes (V0 ϭ 40 ml, 2 ml/fraction) of equilibration buffer followed by elution with a linear salt gradient [(40 ml) 10 mM Tris·HCl (pH 8), 10 mM potassium phosphate, 0.5 mM EDTA, 1 mM fresh PMSF, and 1 mM fresh DTT to (40 ml) 10 mM Tris·HCl (pH 8), 150 mM potassium phosphate, 0.5 mM EDTA, 1 mM fresh PMSF, and 1 mM fresh DTT]. Note that during the column wash stage, a protein band absorbing at 280 nm (F13-F20), which has no denitrase activity, eluted off the column (see Fig. 5B ). Fractions with strong denitrase activity (F55-F57) eluted from the column with a salt gradient (starting at ϳ 60 ml potassium phosphate). Fractions with denitrase activity (F55-F57) were combined, desalted, and concentrated on a YM10 to ϳ150 l (containing ϳ2 mg protein). The concentrate was confirmed for its ability to denitrate NO2COX-1 by Western blot analysis and by HPLC with electrochemical detection (HPLC-ECD). The concentrate was also screened by liquid chromotography-tandem mass spectroscopy (LC-MS/MS; as described below) for putative denitrase candidates.
Treatment of purified proteins with ONOO Ϫ . COX-1 and BSA reactions with ONOO Ϫ (500 M) were conducted in buffer (100 mM Tris, 0.3 mM diethyldithiocarbamate, 5 mM EDTA, and 0.1% Tween or 0.3% ␤OG) at pH 8 using a concentrated ONOO Ϫ stock solution (110 mM). The concentration of ONOO Ϫ used for each reaction was spectroscopically determined (ε 302 nm: 1,670 M Ϫ1 ·cm Ϫ1 ). Notably, we and others (6, 15) have previously shown by spectroscopic techniques that up to only three tyrosine residues per COX-1 subunit can be nitrated by ONOO Ϫ and other nitrating agents at the concentrations described here. Nevertheless, the selectivity of 3-NT detection by immunoblot analysis and its quantification by analytical HPLC (as described below) allow the discrimination of NO 2COX-1 from a COX-1 mixture that contains unmodified COX-1 or other oxidized forms. Here, for reactions where the heme-bound FePPCOX-1 form is used, COX-1 is referred to as NO 2COX-1 and heme-free COX-1 is referred to as NO 2apoCOX-1.
Pretreatment of cell extracts with oxidants and ligands. Before incubation with substrate, cellular extracts in 20 mM Tris·HCl (pH 7.4), 2% CHAPs, 1 mM PMSF, and 1 mM protease inhibitor cocktail were pretreated with N 2 (Tech Air) gas in a sealed chamber (60 s), CO (T.W. Smith) gas in a sealed chamber (60 s), 100 M CORM-3 (20 min), or varying concentrations of 3-NT (0 -50 mol/l, 60 min).
Denitration of nitrated substrates by cell and tissue extracts. Nitrated substrates (0.5 g) were incubated with clarified supernatants from cells or tissues at 37°C in a concentration-and time-dependent manner. The ratio of nitrated substrate to cell or tissue extract ranged from 1:5 (wt/wt) to 1:40 (wt/wt), and reactions were monitored over a period of 2 h. As a control, denitrase-containing extracts were either heated at 100°C for 5 min or proteolyzed with trypsin at a 20:1 (wt/wt) ratio (16 h, 37°C), and the digestion was neutralized by adding a 10:1 (wt/wt) ratio of PMSF to trypsin before incubation with nitrated substrate. Nitrated substrate in the absence of denitrase-containing extract was also used as a control.
Detection of 3-NT by immunoblot analysis. Loss of 3-NT content in NO2COX-1 and NO2BSA was monitored by Western blot analysis. Nitrated protein/sample (0.5 g) was treated with SDS-␤-mercaptoethanol or SDS-Tris(2-carboxyethyl)phosphine (TCEP), separated on a 10% acrylamide gel, and transferred onto a nitrocellulose membrane (Bio-Rad). After separation and protein transfer, membranes were blocked (in 5% nonfat milk, 1 h) followed by an incubation with either mouse monoclonal 3-NT antibody (1:1,000 dilution with 1% nonfat milk, overnight), mouse monoclonal COX-1 antibody (1:1,000 dilution with 1% nonfat milk, 1 h), mouse monoclonal BSA antibody (1:1,000 dilution with 1% nonfat milk, 1 h), or rabbit polyclonal MnSOD antibody (1:2,000 dilution with 1% nonfat milk, overnight). Bands were revealed using enhanced chemiluminescence (ECL plus) and visualized on film or by Typhoon Trioϩ (GE Healthcare).
Quantification of 3-NT using HPLC-ECD. 3-NT quantification by HPLC-ECD was performed as previously described (43) with modifications. A denitration reaction sample containing 12 g nitrated protein or peptide was digested with proteinase K (150 U/mg, 8 h at 55°C). The cooled digest was precipitated with 3 volumes of ice-cold buffer (0.1 M phosphoric acid and 0.23 M trichloroacetic acid), vortexed, incubated on ice for 5 min, and centrifuged at 12,000 g for 15 min at 4°C. The resulting supernatant was concentrated at room temperature (SpeedVac) followed by extraction with 2 volumes of chloroform. The aqueous fraction containing 3-NT was dried (SpeedVac) and then reconstituted with vacuum-filtered (0.2-m nylon membrane) and degassed HPLC mobile-phase buffer containing 90 mM sodium acetate, 35 mM citric acid, 130 M EDTA, and 460 M sodium octane sulfonate (pH 4.35) prepared in 18-M⍀ resistance water. An isocratic HPLC system with a multichannel electrochemical CoulArray detector and electrochemical cell (ESA, Chelmsford, MA) was used to resolve 3-NT (ϩ700 mV, room temperature, Ϸ15 min) and 3-aminotyrosine (3-AT, ϩ350 mV, room temperature, Ϸ4.5 min) from other species using a 100-mm C18 column (Microsorb-MV, Varian, Agilent Technologies, Santa Clara, CA) and a flow rate of 0.75 ml/min. Results for total 3-NT are represented as picomoles of 3-NT per milligram of protein.
LC-MS/MS analysis and database search. Nanoflow LC-MS/MS was used to map peptides from denitrase-containing fractions that were enriched on a DEAE-Sepharose anion exchange column. Analyses were performed using a 6520 accurate-mass quadrupole-time of flight mass spectrometer with a chip cube and C18 column on-chip (Agilent). The mobile phases were 0.1% formic acid in water (solvent A) and 0.1% formic acid in 90% acetonitrile (solvent B). The protein digest (8 l; preparation described in the Supplemental Material) 1 was injected onto a 4-mm 40-nl Zorbax 300SB-C18 enrichment column at a flow rate of 5 l/min, and peptides were resolved on a 0.075 ϫ 43-mm Zorbax 300SB-C18 analytic column (3.5-m particle size) at a flow rate of 0.3 l/min with a gradient of 3-50% solvent B for 20 min and 50 -90% solvent B for 2 min. Mass spectra were acquired in the automated MS/MS mode, in which MS/MS scans were performed on the four most intense ions from each MS scan. Peptides were identified by a database search using SpectrumMill software (Agilent). Searching parameters were as follows: minimum matched peak intensity of 50%, precursor mass tolerance of 20 ppm, and product mass tolerance of 50 ppm. Protein identifications were validated using a false discovery rate of 1% or less.
Statistical analysis. All experiments were reproduced at least three times. Where appropriate, results are presented as averages Ϯ SE with significant differences determined by an unpaired t-test for two group comparisons. Figures that present P values include the number of experimental replicates. P values of Ͻ0.05 were considered statistically significant. ImageJ (version 1.36b, National Institutes of Health) was used to quantify Western blot band densities in Figs. 1 and 2.
RESULTS

Endothelial cells exhibit COX-1 3-NT denitrase activity that
is authentic, substrate selective, and site specific. Numerous reports have used NO 2 BSA as a substrate to assess protein tyrosine denitrase activity in mammalian cell and tissue extracts (29, 36) . In pilot studies, we found that the extent of BSA denitration by sEND.1 and RAW 264.7 cell lysates was significant, yet did not approach complete denitration. We have previously shown a biologically relevant role for nitration in COX-1. Hence, we sought to determine the extent to which denitration may occur in NO 2 COX-1. We predicted that enzymatic protein denitrase activity would exhibit substrate selectivity. Thus, we compared the susceptibility of NO 2 BSA (Fig. 1A) and NO 2 COX-1 (Fig. 1B) to denitration by lysates prepared from a murine skin endothelial cell line (sEND.1 cells). Denitration of substrates was apparent after incubation with sEND.1 lysates at a 1:15 (wt/wt) ratio at 37°C. Western blot results with anti-3-NT, anti-COX-1, and anti-BSA antibodies further indicated that denitrase activity was constitutive in sEND.1 cells and more effective with NO 2 COX-1 as a substrate than with NO 2 BSA (Fig. 1C) . Probing blots with antibodies that recognize nonnitrated BSA or COX-1, respectively, confirmed that the 3-NT signal loss was not a consequence of proteolysis or protein loading errors (Fig. 1, A and B, bottom) .
With the exception of calmodulin denitration, where protein MS was used to detect nitrated proteins (49) , all previous attempts to identify denitrase activity have used Western blot analysis with an anti-3-NT antibody. While Western blot analysis is a widely accepted detection method, the sole reliance on immunodetection to observe protein denitration leaves open the possibility that the loss of 3-NT signal could be due to the loss of antigenicity toward the anti-3-NT antibody, which could arise from 1) inadvertent chemical reduction of the nitro (NO 2 ) group to an amine (NH 2 ) during sample preparation [e.g., which can occur upon boiling of hemoprotein-rich lysates in the presence of ␤-mercaptoethanol-containing SDS-PAGE loading buffer (4)] or 2) unanticipated protease activity (although this would have to cleave nitrated peptides and be resistant to protease inhibitors present in the cell lysis buffer and denitration reaction mixture). To confirm the authenticity of denitration observed by Western blot analysis, COX-1 denitrase activity in sEND.1 cell lysates was evaluated using HPLC-ECD, an analytic method for absolute quantification of 3-NT levels (Fig. 1D) .
Incubation with sEND.1 cell lysates for 30 min at 37°C resulted in an 85% loss in 3-NT content from purified NO 2 COX-1 (Fig. 1D) . As negative controls, coincubation of NO 2 COX-1 with preboiled lysates failed to diminish the 3-NT content of NO 2 COX-1, and 3-NT was not detected in cell lysates without added NO 2 COX-1. Since these samples were digested with proteinase K to the single amino acid level before analysis, identification of 3-NT loss by HPLC-ECD negates the possibility that protease activity was responsible for the observed denitration. Importantly, HPLC-ECD also detects the formation of 3-AT, as this species is electrochemically active, separated from 3-NT by C18 chromatography (3-NT: 17 min; 3-AT: 4.5 min), and unchanged under conditions where 3-NT denitration is observed (Supplemental Fig. S1 ). Indeed, 3-AT formation was undetected in these samples, indicating that reductive chemistry cannot explain the observed 3-NT signal loss in NO 2 COX-1 after incubation with cell lysates. This conclusion is further supported by the fact that NO 2 COX-1 . D: denitration of NO2FePPCOX was quantified by HPLC with electrochemical detection (HPLC-ECD). Total 3-NT content was measured for the denitration reaction of NO2FePPCOX-1 after incubation with sEND.1 cell lysates at 37°C for 30 min. 3-NT was also quantified in control reactions, i.e., cell lysates incubated alone at 37°C for 30 min, NO2FePPCOX-1 incubated alone at 37°C for 30 min, and NO2FePPCOX-1 coincubated with preboiled cell lysates. E: Western blots comparing the denitration of heme-free NO2apoCOX-1 (0.5 g/lane) and NO2FePPCOX-1 by endothelial cell lysates [sEND.1 lysates, 1:15 (wt/wt) ratio] at 37°C for 30 min. Blots were probed with monoclonal anti-3-NT antibody (top) and with monoclonal anti-COX-1 antibody (bottom). Where applicable, data are shown as averages Ϯ SE (n Ն 3). P Ͻ 0.05 was considered statistically significant (*).
denitration with sEND.1 cell lysates for 30 min at 37°C was also observed by Western blot analysis when a thiol-free reducing agent, TCEP, was used in the SDS-PAGE loading buffer in place of ␤-mercaptoethanol (data not shown). Additionally, NO 2 BSA (a heme-free protein) was equally denitrated in both the presence and absence of native heme-bound FeP-PCOX-1 (data not shown), indicating that the contribution of heme from a hemoprotein does not contribute to reductive chemistry on 3-NT in our experimental setting. Given that differential denitration by endothelial cells was observed with NO 2 COX-1 and NO 2 BSA under identical experimental conditions (Fig. 1, A and B) , we hypothesized that protein 3-NT denitration may be site selective and dependent on molecular determinants that confer substrate conformation. This hypothesis predicts that for a protein with multiple 3-NT sites, denitration patterns would be differential and site selective. To test this, we compared the denitration rates for nitrated heme-bound (FePPCOX-1) versus nitrated heme-free (apo-COX-1) forms of COX-1. We have previously demonstrated that apoCOX-1 and FePPCOX-1 are differentially and site selectively nitrated due to a heme-catalyzed mechanism that preferentially targets nitration to Tyr 385 . Furthermore, while ONOO Ϫ -induced COX-1 nitration still occurs in the absence of Fe 3ϩ -heme, we showed that internal Tyr 385 (the primary target of FePPCOX-1 nitration) remains unmodified after apo-COX-1 nitration (13). As shown in Fig. 1E using endothelial sEND.1 cell lysates, NO 2 apoCOX-1, but not NO 2 FePPCOX-1, denitrated to completion under identical experimental conditions, suggesting that internal Tyr 385 may not be a denitration target. Denitration of NO 2 FePPCOX-1 did not restore enzymatic activity, as determined by an assay for PGE 2 formation or by an arachidonic acid-coupled COX-peroxidase assay (13) . These results are consistent with a site-specific denitration mechanism that depends, at least in part, on protein conformation and solvent accessibility.
It is possible that 3-NT placement in a peptide sequence contributes to substrate susceptibility for 3-NT denitration. Thus, we compared the extent to which sEND.1 cell lysates mediate denitration of free (nonprotein-bound) 3-NT as well as three synthetic 3-NT-containing peptides that were designed based on previously identified protein tyrosine nitration in two distinct proteins, namely, COX (12) and histone H1.2 (26) . Notably, we chose to study two different COX-1 peptides because the peptide sequence containing COX-1 Tyr 254 has previously been shown to be the primary target of apoCOX-1 nitration, whereas the peptide sequence containing COX-1 Tyr 385 is the primary target of nitration in FePPCOX-1 (12, 13). As determined by HPLC-ECD, the extent of denitration in putative protein and peptide substrates varied markedly under identical assay conditions (Supplemental Fig. S2 ). Together, these results indicate that the extent of tyrosine denitration is substrate dependent and likely to be determined by protein/ peptide conformation and 3-NT accessibility, since nitrated peptides lacking secondary structure were unable to replicate the denitration observed in their counterpart proteins.
Denitrase activity is constitutive in a variety of cell types and tissues. Using NO 2 COX-1 as a probe, we screened for denitrase activity in primary cell culture and cell lines as well as diverse rat and murine organ tissues (Fig. 2) . Denitration of NO 2 COX-1 was observed after treatment with murine macrophage RAW 264.7 cell lysates at 37°C [1:15 (wt/wt) ratio], and activity was slightly enhanced in lysates from LPS-pretreated versus naïve cells ( Fig. 2A) , an observation that has previously been demonstrated by Irie et al. (26) . Under our denitration test conditions, activity was not detected in RASMCs (Fig. 2B) but was found to be constitutively expressed in HUVECs and murine peritoneal macrophages, as shown in Fig. 2C . Additionally, denitrase activity was identified in a variety of rat (Fig. 2D ) and murine (data not shown) tissues.
Of the tissues analyzed for activity, lung and brain homogenates were most efficient at denitrating NO 2 COX-1, whereas liver homogenates possessed little to no detectable activity.
COX-1 denitration by endothelial cell lysates is time and protein dependent. Since NO 2 COX-1 is extensively denitrated by cell lysates, with endothelial cells proving to be a rich source of activity, we investigated whether denitration displays features of a regulated biochemical process. After coincubation of NO 2 COX-1 with sEND.1 cell lysates [1:20 (wt/wt) ratio] at 37°C, we observed, by Western blot analysis, a time-dependent decrease in the 3-NT signal that was near completion in 30 min and abolished by trypsin pretreatment of cell lysates (Fig. 3A) . Diminishing the ratio of NO 2 COX-1:lysates from 1:20 (wt/wt) to 1:15 (wt/wt) attenuated the rate and extent of NO 2 COX-1 denitration (Fig. 3B) . Further diminishing the ratio of NO 2 COX-1: lysates to 1:7.5 (wt/wt) resulted in a marked attenuation of the rate and extent of NO 2 COX-1 denitration (Fig. 3C) . Denitration of NO 2 COX-1 by sEND.1 cell lysates occurred to a similar extent, irrespective of whether lysates were prepared from naïve or LPS-immunoactivated cells (Fig. 3, A-C) . These results establish that the extent of NO 2 COX-1 denitration by sEND.1 cell lysates was a function of time and lysate protein amount and can be abolished by protease pretreatment of cell lysates. Therefore, protein 3-NT denitration exhibits properties that are consistent with an enzymatic process.
Endothelial cell protein denitrase activity is inhibited by free 3-NT, suppressed after inhibition of NOS, and enhanced by CO. Since nonprotein 3-NT was found to be a substrate for denitrase activity, we tested whether this molecule would effectively compete for denitration of NO 2 COX-1. As shown in Fig. 4A , coincubation with 3-NT (50 M) resulted in a dramatic decrease in the extent of NO 2 COX-1 denitration by sEND.1 lysates relative to control when monitored as a function of time. In fact, 3-NT dose dependently altered the extent of NO 2 COX-1 denitration at 30 min by sEND.1 lysates (Fig.  4B) . As sEND.1 cells are known to constitutively express endothelial NOS and basally synthesize arginine-derived NO (10), we investigated whether endogenous NO production influences the expression of NO 2 COX-1 denitrase activity. Denitrase activity was assessed in lysates from sEND.1 cells harvested after overnight culture in the presence or absence of L-NMMA, a selective NOS inhibitor (1). As shown in Fig. 4C , L-NMMA treatment resulted in an almost complete loss of denitrase activity relative to control. A major mechanism by which NO modulates protein activities is by covalent addition to transition metals in proteins (7) . Since this metal reactivity is shared with another gas, CO (7), we additionally evaluated the effect of CO gas and a water-soluble CO releaser (CORM-3) on denitrase activity in sEND.1 cell lysates (Fig.  4D) . As an inert gas control, we tested the effect of N 2 . The results shown in Fig. 4D demonstrate that bubbling of lysates with pure CO for 60 s or exposure to the CO donor CORM-3 for 20 min markedly enhanced denitrase activity in cell lysates relative to untreated control lysates. Notably, the concentration of CORM-3-released CO in lysates was estimated to be Ͻ1 mol/l based on a previous report (38) demonstrating that 1 mol/l CO correlates to CO release from 10 to 100 mol/l CORM-3. On the other hand, vigorous bubbling of CO for 20 min produces saturation at 1 mmol/l (2). Pretreatment of lysates with N 2 also enhanced denitrase activity relative to nongassed lysates (data not shown), albeit to a lesser extent than lysates exposed to CO. Since N 2 sparging depletes levels of dissolved O 2 in sEND.1 cell lysates, the finding of attenuated denitrase activity may be reconciled by an O 2 -regulated process, as also demonstrated by Koeck et al. (32) . These findings suggest that protein 3-NT denitrase activity may be regulated by NO and other metal-binding molecules in vivo. Furthermore, our finding that that relatively low concentrations of free (nonprotein) 3-NT suppress protein 3-NT denitrase activity (presumably via competition for binding of protein 3-NT substrates) offers a potential probe to selectively assess the role of protein denitration in biological systems.
The intracellular distribution of denitrase activity and its chromatographic resolution from rat lungs. Previously, Koeck et al. (32) demonstrated that at least a portion of a cell's denitrase activity is localized to its mitochondria. Thus, we examined the solubility and intracellular distribution associated with denitrase activity. Rat lungs were homogenized in detergent-free buffer and subjected to differential centrifugation enabling for the comparison of NO 2 COX-1 denitration by mitochondria-enriched [12,000-g pellet (P1)] (19) relative to microsomal [120,000-g pellet (P2)] and soluble cell fractions [supernatants (S1 and S2)], as shown in Fig. 5A . Of note, whereas S1 was depleted from mitochondria but contained microsomal membrane components, S2 was depleted from microsomal debris as well. Subsequently, denitration of NO 2 COX-1 was compared in the crude lung homogenate versus centrifugation fractions confirm that the mitochondria-enriched fraction (P1) possessed strong denitrase activity, comparable with that in the unfractionated lung homogenate, incubation of NO 2 COX-1 with the microsomal fraction (P2) as well as mitochondriadepleted fractions (S1 and S2) also elicited a decrease in the 3-NT signal. These findings suggest that denitrase activity is distributed in both soluble and membrane components of cells and that it is enriched in, but not limited to, the mitochondrial fraction.
Purification will be essential for defining the structural and functional properties of denitrase activity and for developing molecular tools for studying biological functions. Since we identified lungs to be a rich source of denitrase activity (Fig. 2) , we tested the feasibility of purification and characterization of denitrase activity from this source. Our enrichment scheme included separation of rat lung homogenates with a 120,000-g spin, concentration on a 10-kDa microcon filter chromatographic resolution on a DEAE-Sepharose anion exchange column with a linear potassium phosphate gradient (10 -150 mM), as shown in Fig. 5B , and, finally, a final desalting and concentration step on a 10-kDa microcon filter. Using Western blot analysis (Fig. 5C ) and HPLC-ECD (Fig. 5D) , we found that the denitration activity was present in only three of the fractions eluted from the DEAE-Sepharose column (F55, F56, and F57) , which we then pooled and concentrated. Enrichment of activity was demonstrated by the fact that equal volumes from DEAE fractions (20 l) were used to test their ability to denitrate NO 2 COX-1. To this end, while fractions F55, F56, and F57 robustly denitrated NO 2 COX-1, they contained a reduced protein content relative to other eluting fractions. The enriched denitrase activity using the described scheme 1) does not require detergent for solubilization or chromatographic elution, 2) purifies as a single peak with ion exchange chromatography, and 3) is stable at pH 8 and retains functionality throughout pH variations between 5.5 and 9. This procedure resulted in significant enrichment of a discrete denitrase-containing fraction that absorbed at 280 nm and maintained functionality throughout the purification process. Starting with 1.5 g rat lung protein, a discrete denitrase activity was contained in 2 mg protein. The column-purified denitrase fractions were analyzed for peptide sequence information by nanoflow LC-MS/MS. Since the denitrase-containing homogenate was impure, numerous proteins were likely to be present at levels that limited identification by MS analysis.
From the 18 proteins that could be identified by LC-MS/MS (Supplemental Table S1 ) we selected Cu,Zn-SOD, glutathione S-transferase (GST), and peroxiredoxin-6 for further testing as to whether these pure proteins could denitrate NO 2 COX-1 (Fig. 6, A-C) . These three enzymes were evaluated based on their known redox regulatory roles in cells (18, 20, 48 ). Denitration of NO 2 COX-1 at 37°C was observed by Western blot analysis after treatment of GST (Fig. 6B) and Cu,Zn-SOD (Fig. 6C ) at a 1:15 (wt/wt) ratio over a period of 30 min. Denitration of NO 2 COX-1 by these candidate enzymes was compared with NO 2 COX-1 denitration using sEND.1 lysates as a control. Under identical experimental conditions, peroxiredoxin-6 (Fig. 6A) did not elicit NO 2 COX-1 denitration. These findings suggest that there may be multiple enzymes that possess denitrase activity. Further purification and inhibition studies are required to elucidate the relative contribution of these enzymes to cellular denitrase activity.
DISCUSSION
Since the first report of 3-NT removal in a biological system (29) , an increasingly strong rationale to characterize a protein "denitrase" activity has emerged. Here, we identified nitrated COX-1 as a novel substrate for ubiquitously expressed protein 3-NT denitrase activity and described an enrichment method that enables further characterization of 3-NT denitrase activity.
We (12, 13) have previously shown that COX-1 undergoes selective heme-directed nitration that is dependent on active site substrate occupancy. While COX-1 is a membrane-bound hemoprotein that is structurally and functionally distinct from the metal-free serum protein BSA, these proteins possess similar tyrosine content (21 Tyr/BSA vs. 27 Tyr/COX-1 subunits) and monomeric masses (66 kDa for BSA vs. 70 kDa for COX-1). Interestingly, we provided evidence showing that endothelial cell homogenates denitrate NO 2 COX-1 more effectively than NO 2 BSA (Fig. 1) . To date, demonstration of protein denitration has relied on Western blot analysis for the visualization of protein 3-NT signal attenuation. Western blot analysis is an accurate and reliable semiquantitative assay for protein modifications, but it is prone to artifacts such as interference with 3-NT antigenicity in a protein substrate and/or loss of anti-3-NT antibody recognition that may arise from secondary chemical modifications, e.g., reduction of 3-NT to 3-AT (vs. removal of an NO 2 group). Thus, we used analytic HPLC-ECD to directly quantify 3-NT levels in proteolyzed nitrated substrates (Fig. 1) . We confirmed that denitration of NO 2 COX-1 by denitrase-containing extracts from sEND.1 endothelial cells was associated with an 85% reduction in 3-NT levels and that these findings were not the result of compromised antigenicity. As samples were enzymatically proteolyzed to the single amino acid before HPLC-ECD analysis of free 3-NT, we can eliminate the possibility that the observed decreases in NO 2 COX-1 levels was due to protein proteolysis. Furthermore, 3-AT formation from NO 2 COX-1 was undetectable by HPLC-ECD in our denitration assays, indicating that 3-NT loss was not a result of heme-thiolmediated reduction of the tyrosine-bound NO 2 to NH 2 . This is in agreement with MS analysis of denitration products from NO 2 -calmodulin where 3-AT formation was not detected (49) . With respect to COX-1, studies (6, 15, 34) have shown that only a small percentage of tyrosine residues (ϳ3 tyrosine residues per COX-1 monomer) are subject to NO x -induced nitration. Although separation and detection of free tyrosine can be achieved by HPLC-ECD, it was difficult to accurately assess whether the 3-NT signal loss was associated with a commensurate formation of new tyrosine residues, owing to A: rat lung homogenate in detergent-free buffer was subjected to differential centrifugation to obtain cellular fractions that are mitochondria rich and mitochondria depleted (as shown in the schematic). Denitration reactions of NO2FePPCOX-1 were carried out by the lung homogenate (H), mitochondria-rich pellet (P1), microsomal pellet (P2), and mitochondria-deplete supernatants (S1 and S2) at 37°C and 1:15 (wt/wt) ratio and monitored by Western blot analysis. Blots were probed with monoclonal anti-3-NT (top), monoclonal anti-MnSOD (middle), and monoclonal anti-COX-1 (bottom) antibodies. B: chromatographic resolution of denitrase activity from the frozen rat lung (1.5 g) was achieved on a diethylaminoethanol (DEAE)-Sepharose anion exchange column with a linear potassium phosphate (KPi) gradient (10 -150 mM). Discrete denitrase-containing fractions (F55, F56, and F57) that absorbed at 280 nm and eluted at ϳ60 mM KPi are indicated. C: denitrase activity was confirmed by Western blot analysis of reactions that compared the denitration of NO2COX-1 (0.5 g) by fractions (20 l each) eluted from the DEAE-Sepharose column relative to undenitrated NO2COX-1. Blots were probed with monoclonal anti-3-NT antibody (top) and with monoclonal anti-COX-1 antibody (bottom). D: total 3-NT content was measured by HPLC-ECD for the denitration reactions of NO2COX-1 after incubation with purified lung extract at 37°C for 30 min. 3-NT was also quantified in control reactions, i.e., NO2COX-1 coincubated with preboiled cell lysates, as well as lysate-free NO2COX-1. Data are averages Ϯ SE (n Ն 3). P Ͻ 0.05 was considered statistically significant.
the significantly larger signal that was generated from the endogenous tyrosine pool in existing proteins from the lysate/ substrate incubation mixture. Since nitration of COX-1 is incomplete, it was problematic to use MS to differentiate between newly de-and non-nitrated COX-1 peptides. Thus, we can only verify that denitration of NO 2 COX-1 by cell/tissue lysates did not result in 3-AT accumulation. We cannot rule out the possibility that a different tyrosine modification is the actual product, as opposed to the "hypothetical" product of unmodified tyrosine. Ischiropoulos and colleagues (27) have suggested criteria that determine susceptibility of individual protein tyrosine residues to nitration, including that tyrosine residue 1) should preferentially be solvent accessible, 2) present on a peptide loop structure, and 3) adjacent to an acidic amino acid (glutamic or aspartic acid) (27) . Using a diverse set of 3-NTcontaining proteins, custom-made peptides, and free 3-NT, we clearly demonstrated that tyrosine residues in proteins undergo differential denitration. Specifically, we observed that only the external (i.e., solvent exposed) 3-NT residues in COX-1 were susceptible to denitration, since heme-free NO 2 apoCOX-1, but not heme-bound NO 2 FePPCOX-1 (containing internally nitrated Tyr 385 ), experienced complete denitration (Fig. 1) . 3-NT residues in proteins that were reported to be most susceptible to nitration, specifically Tyr 254 of COX-1 (12) and Tyr 71 of histone H1.2 (26), were not found to be denitration substrates when present on synthetic peptides ( Fig. 1 and Supplemental  Fig. S2 ). Thus, we predict that protein/peptide conformation and solvent access will prove to be a critical determinant of a 3-NT residue's susceptibility to denitration in vivo, but the relevance of conformation and context remain to be determined. Although nitration of surface tyrosine residues in COX-1 do not impact COX-1 activity, as is the case for nitration of internal catalytic Tyr 385 , it is possible that this superficial nitration/denitration may play an as yet undiscovered role in COX-1 function during inflammation. In addition to direct effects on enzymatic activity, tyrosine nitration can target proteins for proteosomal degradation (50) , inhibit or enhance protein-protein interactions (11, 35) , block targets for tyrosine phosphorylation (28, 33) , and modify protein association with lipid bilayers (47) .
Despite the wide array of potential nitration targets in arachidonic acid metabolism, it is notable that only a very limited number of protein targets and tyrosine nitration sites have been identified to date (44, 52) . This may be due to the complexity of NO interactions highlighted by the fact that the impact of tyrosine nitration is markedly varied between structurally similar COX-1 and COX-2. While ONOO Ϫ can inactivate COX-1 by inducing nitration of catalytically essential Tyr 385 (13) , ONOO Ϫ has been shown to activate COX-2 by tyrosine nitration in vivo (8, 40) . Of note, prostacyclin synthase, a crucial enzyme in maintaining normal endothelial homeostasis, may be one of the first targets for NO x species (56). Therefore, it is possible for nitration and denitration to alter the flux of arachidonic acid and shunt activity from the COX pathway to other pathways in the arachidonic acid cascade, as has been previously described for aspirin-induced COX-2 inhibition (9, 46).
Using NO 2 COX-1 as a target for denitrase activity, we screened cell lines and rodent organs for the distribution of activity. Although previous reports (29, 32, 36) have individually shown denitrase activity to be localized to specific tissues and cell types, these reports collectively showed that cellular denitration is ubiquitous. Consistent with earlier reports, we observed significant denitrase activity in a broad collection of tissues and cells, including all organs examined, with the liver displaying the least activity (Fig. 2) . The observation of weak denitrase activity in liver homogenates is consistent with a previous study (5) that found that rat liver extracts possessed high 3-NT content relative to other organs (spleen and lung) from the same animal. The total complement of protein 3-NT in a given cell or organ may be determined by two opposing kinetic processes, protein 3-NT nitration mediated by locally produced NO-derived species and protein 3-NT denitration, mediated by the denitrase activity described here (Supplemental Fig. S3 ). We observed denitrase activity in macrophages and endothelial cells, although not in RASMCs. Protein denitration has been suggested to be markedly induced by LPS (26, 30, 49) ; however,we observed only a slight induction of activity after LPS-induced immunoactivation of macrophages in vitro, and endothelial cells were found to constitutively express equal levels of denitrase activity both with and without cytokine stimulation (Fig. 2) . Given the broad expression of protein denitrase activity, more than one protein or enzyme isoform may contribute to the denitrase activity observed in different cell types, organelles, and physiological/pathophysiological settings.
Here, we provide evidence showing that protein denitrase activity displays features of an enzyme, including time and concentration dependence (Fig. 3) as well as susceptibility to inactivation by proteolysis and heating. Indeed, our findings concur with those of Murad and colleagues, who showed that protein denitrase activity was retained by a 30-kDa cutoff filter (26) and abolished by boiling and trypsinolysis (29 We used NO 2 COX-1 denitration to determine whether expression of protein denitrase activity in endothelial cells could be modulated by potential ligands (Fig. 4) . While nonprotein 3-NT competed for denitration of NO 2 COX-1 by endothelial cells, we found that endogenous NO, exogenous CO, and, to a lesser extent, N 2 were capable of enhancing denitrase activity. One possibility is that a metalloprotein(s) may modulate this activity, as both NO and CO bind directly to certain transition metal centers in proteins (7) and N 2 -mediated deoxygenation can indirectly affect metalloprotein activities (41) .
Although we have found sEND.1 cells and lungs to be rich sources of denitrase activity, the ubiquity of denitrase activity suggests that it may be present in multiple cellular compartments. While fractionation experiments with lung homogenates (Fig. 5) confirmed previous findings that denitrase activity resides in isolated mitochondria (32), our observations that activity was retained in both soluble and microsomal fractions imply that the denitrase is not exclusive to a specific organelle and could be present in both aqueous and membrane phases of cells.
We recognize that the most practical approach for final identification of the denitrase enzyme(s) will be through complete biochemical purification, followed by protein knockdown to demonstrate necessity and the development of molecular tools for studying its biological function. Complete denitrase(s) purification will be facilitated by the development of a highthroughput, rapid, and quantitative denitrase assay. Here, we successfully enriched enzymatic activity from soluble fractions of the rat lung that was capable of denitrating NO 2 COX-1 (Fig.  5) . From MS analysis of proteins identified in the active fraction (Supplemental Table S1 ), we selected three enzymes with known redox properties. The amount of enzyme used for NO 2 COX-1 denitration was determined based on the weight needed to accomplish denitration and not specific activity. Of these, CuZn-SOD and GST demonstrated denitrase capabilities (Fig. 6 ). CuZn-SOD is an important antioxidant defense enzyme that catalyzes the dismutation of O 2 ·Ϫ into O 2 and H 2 O 2 , thus preventing its reaction with NO and yielding nitrated proteins. That CuZn-SOD possesses denitrase activity presents two potential mechanisms for this enzyme to reduce cellular 3-NT levels. Notably, CuZn-SOD contains a metal center necessary for its main catalytic activity. Also, GST has been shown to detoxify 4-hydroxynonenal, a ONOO Ϫ -induced lipid peroxidation product (48) , and incubation of GST with nitrated histone increases nitrate levels, suggestive of histone denitration (36) . Therefore, GST may be a powerful antioxidant enzyme with the capability of reversing multiple ONOO Ϫ -induced modifications. Given that multiple enzymes present denitrase activity in vitro, as well as our findings showing that denitrase activity is present in multiple cellular compartments, there could be mutiple denitrase enzymes in cells. Further studies are needed to identify these and assess their relative contributions to denitration in alternative cell settings.
This study provides new information regarding the specificity, localization, characterization, and regulation of cellular denitration and highlights a significant cellular activity that may be capable of repairing proteins damaged during diseases where levels of reactive nitrogen species are elevated. Until the enzyme(s) is pure, it is premature to attempt an elucidation of mechanism, although we infer the substrates to be a proteinacious nitrotyrosine and a yet-to-be defined reductant and the products to be a proteinacious tyrosine and a nitrogenous end product (Supplemental Fig. S3 ). We anticipate that the molecular basis for protein denitrase activity will have significant translational impact, given the widespread occurrence of protein tyrosine nitration in diverse pathophysiological settings.
